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NATION& ADVLSORY COMMmTEE RIR AERONAUTES 

TO THE DRAG RISE OF 

By J. W. Wetwre 

The paper  provides a l imited  cowilation of ~ o m e  of the more recent 
snd more generally  applicable  experimental  Information on the drag of 
airplane components and confbFnationa through the traTlEIonic speed range. 
The results  presented were eelected from the larger bo*, of material 
available aa the met   su i t ab le   t o  acquaint designers with the stat- of 
the data that m e  now at h a d  asd t o   i l l ue t r a t e  EO= of the trend6 that 
are indicated by these data. Results are Included f r o m  high-speed w-hd- 
tunnel tes ts ,  free-fall t e s t s  of  models dropped from high altitudes, 
flight tests o f  rocket  -propelled wdels ,  and w i n g - f l o w  tests, and cover 
the drag characteristics of  various wing arrangements, body configurations, 
and wing-body conkinatione in  the bkch nmiber range f r o m  about 0.7 t o  1.2. 
The effect of the drag r i s e  on the range of a Jet-propelled airplane I s  
discussed briefly and an indication is given of the thrust available fram 
turbojet engines fn re la t ion   to  the drag developed by airplane  conffgu- 
rations a t  transonic speeh. 

From the results preeented it appears that 84 amlane configuration 
incorporating 45O meep in the trfngs and a sufficiently slender Fuselage 
arranged t o  avoid unfavora'ble Fnteraction effects should 'be capable of 
c r u i s i n g  at Wch numbers up t o  0.95 and attaining a high speed o f  at 
least Mach number 1.0 with  turbojet engines that are now o r  probably 800n 
will be available. 

-The airplane, of conventional  design as we h o w  it today, has very 
nearly attafned i t 8  L-imit in practical  operating speed a t  about 50 ' )  r o i l e ~  
per hour. With the  large drag increase  attending  the  formation of shack 
waves at these speeds, pushing the  airplane  to  appreciably  greater speeds 
results tn a prohibitive loss  ir efficiency  or L/D and the airplane' is 
no longer capable of p e r f o w  i ts  primary functicm of carrying a pay 
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load a reasonable  distance. Consider, f o r  exasq?le, the case of a repre- 
sentative  mdern  Jet  airplane having a w i n g  loading of about 9 pounda 
per square foot and operating a t  an al t i tude of 3O,OW feet.  

In figure 1 the upper solid curve shows the  variation of drag 
coefficient w i t h  speed o r  Mach number (from tests In the Ames 16-fwt 
high-speed tunnel) and the  lower curve, the corresponding variation Fn 
range (based on a s a m p t i o n  of constant  Bpecific fuel conswqtion in 
terms of thrust). For an increase in speed of about 100 miles  per  hour 
o r  in Mach  number of O e l 5  above the speed at which the drag rise star ts ,  
the range would decrease about 75 percent and would be  too small t o  be 
useful. The dashed c w e s  show that  if the drag rise could be delayed 
sufficiently,  or  eliminated, the speed  could be  increased 100 mils8 
per hour with only a 10-percent loss in range o r  200 miles per hour  with 
about  20-percent  decrease in reage. (This smal l  loss in range results 
frm the  candition of constant  altitude assumed here: the effect  of 
decreasing L/D, resulting A.om the  decreasing lift coefficient  with 
increasing speed, somewhat more than  offsets  the  effect of the  increasing 
speed. ) 

With the development of more concentrated fuels and efficient power 
plants   to   ut i l ize  them, the  effect of the drag rise will no doubt be less 
c r i t i c a l  from t h i s  standpoint,  but for the present, at least, it seema 
clear that further SncreaEIe in the speeds a t  which airplanes may operate 
efficiently w i l l  be accomplished by changes Fn aerodynamic design  required 
t o  avoid any substantial drag r i s e  up to  these speeds. 

The purpose of this paper is to  point out briefly the information 
relat ing  to  drag in the  transonic range which is available  to guide 
designers in planning efficient higher speed airplanes of the Immediate 
future and t o  indicate 6- of the trends In these data. The principal 
sources of the information that w i l l  be  presented axe the high-speed- 
tunnel  tests covering the lower end of the  transonic range up t o  Mach 
nunibers  of 0 -9 t o  0.95, t es t s  of f ree- fa l l  models dropped  from high 
alt i tudes covering practically the whole transanic range, and tests of 
rocket-propelled models dealing with the upper end of the range from 
Mach numbers of 1.0 to  1.2. 

SYMBOLS 

M Mach  number 

%r c r i t i c a l  Mach number 

MDR Mach number nears ta r t   o f -drag  risq at wwch drag Coefficient h.as 
increased 0.00g above subcrit icai  value . 
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drag coefficient based on wing plan area 

drag coefficient based on frontal. axe& 

coefficient of preesure drag (tots drag lese a b  f r tc t ion)  
baaed on frontaL area 

l i f t  coefficient 

pressure  coefficient 

locaL s ta t ic  pressme 

free -stream s ta t ic  preseure 

free-stream  QnmLc preeeure 

thrust 

ratio of w i n g  t h i c h e s s  t o  chord 

wing taper ratio ( ra t io  of. %Lp chord t o  root  chord) 

w i n g  area 

f+) 

sweep angle 

sweep angle of mean Um o r  50 percent-chord Une of wing 

1s- eage of w i n g  

finenese  ratio ( r a t i o  of body length to diameter) 

ratio of distance measured along axis of boQ t o  t o t a l  bodg 
l m r n  

Uft-drag  ratio 

rn C"L0WS 

The w i n g  which is, of course1 the mador s o m e  of the drag r ise  of 
preeent airplane canffgwratione wiU be cansidered f i r e t .  Figure 2 indi- 
cates the increase i n '  the Mach mmiber of the drag r iee  that  can be 0bt;ained 
with umwept w t n g s  by wing thinner wing sections. The solid m e s  
actually represent the Mach rndbers a t  which the drag coefficient hae 
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increased 0.005 above the subcrit ical  value. The use of t h i s  value 
provides a better  indication of the tre& than the we of the value at 
which the drag r i s e  actually begine since the la t ter  value is  not a l w a y s  
clearly  defined. The start of t h e  drag r l s e  occur8 Fn the region Between 
the  solid  l ine and the daehed l ine which defines the theoret ical   cr i t ical  
Mach number  of the w i n g  sections. The Mach nuniber of the drag rise is 
shown aa a function of the t h i cbes -chord   r a t io  of the w i n g :  i n  the 
left-hmd figure f o r  a tapered and cambered w i n g  at a lift coefficient; 
of 0 -2 as   tes ted  in  t h e  Ames l6-foot hi&-speed tunnel; and in   the  r ight-  
hand figure for a straight,  synnnstrical w3ng a t  zero lift fram the 
results of free-fall   tests  (reference 1) It is indicated  that i n  both 
cases  the Mach number  of the drag r t s e  increases by 0.015 t o  0.02 or  
between 10 and 15 miles per hour f o r  a reduction of 0 -01 i n  thickness 
ra t io .  

The effects of sweepback and aapect r a t io  on the Mach rimer of the 
drag rise,  defined as beforet are i l l w t r a t e d  in figure 3.  I n  this 
figure, the Mach n M e r  of the drag rise is shown plotted  againat t he  
inverse of the aspect r a t io  frm the results of high-speed-tunnel tests 
of two ser ies  of -wept w i n g s  of dtfferent  airfoil   section, and a 
ser ies  of w i n g s  of 30° sweep (referenges 2 end 3) and fram the results 
of f ree-fan tests of two wings of 45 sweep (reference 4) . m e  indl - 
cated  values of the drag-rise Mach n W e r  at inf ini te  aepect r a t i o   f o r  
the swept conditione were estimated fram two-dimensional high-speed- 
tunnel data using the  simple'cosine law f o r  infinite yawed wings. The 
results indicate  that  the  benefit6 of sweep are Increased a8 the  aspect 
ratio  increases  particulaxly  for l a r g e  sweep angles. Conversely, although 
decreasing  the  aspect  ratio  provides a substantial  increase in the Mach 
nuniber  of the drag r i s e   fo r  the unswept wings, it has l i t t l e   e f f e c t  when 
the wings are swept back 30' and becames adverse f o r  45O sweepback. It 
may be noted tha t   i n  order t o  avoid a 6ubstantiaL drsg r i s e  up t o  or  
through son3.c velocitywith t h e  w-ing thicknesses  canaidered a aweepback 
of at leas t  45O is required. 

A considerable  mount of data on the &ag of wings at  'che upper end 
of the traneonic range haa been obtained by t h e  rocket  technique Etnd 
although these results do not  define  the  cmditiane of the drag rim, 
they,  together w i t h  the free-fal l  data, do show the extent of the drag 
r i se  and provide an indication of the wing configuratians that w i l l  be 
required t o  extend speeds f o r  reasonably  effacient airplane operation to 
Mach numbers above I .O. Figure 4 shows t h e  VWiatiOn w i t h  t h i c h s s  
r a t io  of the drag coefficient of unswept  wings at a Mach nuniber of 1-15, 
Data from both rocket and free-fall   tests  (references 1 t o  5 )  are 
included and, although there is cansiderable m a t t e r  due to  the  different 
t e s t  techniques a& different  aspact  ratios, which w i l l  be discussed 
later, t h e  trend is well  defined. The large reduction i n  drag at this 
speed afforded by decreasing  the wing thiclmess is c lewly  ahown. A s  
an indication of what the drag data at Mach number 1.15 sham In t h i s  
and subsequent figures mean in relation t o  thmt available frm present 
turbojet power plants or those i n  immediate prospect, it is estimated 
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tha t  the drag coefficient  for a ccnr~plete single-engine airplane of r ep re -  
sentative dimena~ana operating at altitudes of 30,000 t o  40,000 f ee t  could 
not exceed about 0 -02. According t o  this ftgure then, the thtlcknese 
r a t i o  of sn unmept wing wauld have t o  be something less than 4 percent 
t o  permit a t t a i n t  of Mach number 1.15- 

The effects  of weep ana aapect r a t io  on the drag at Mach llllniber 1.15 
are ahuwn in figure 5 which again Includes data f rom both rocket and 
free-fall t e s t s  (references 4 and 6) Here the drag cosfficients are 
plottes agalnet the Inverse of the aspect r a t i o  f o r  sweep aslgles 
from 0 t o  Po. All the win- a m  of I&CA 65-009 section 3n planes 
normal t o  the leading edge. The trends m c a t e d  in this figure are 
generally similez t o  those of figure 3; that is, the effect of sweep in  
decreasing  the &rag become greater wlth increaalng aspect ratio and the 
effect of reducing the  aepect  ratio, although f avomble w i t h  no aweep, 
disappears at moderate sweep angles and became8 adverse with greater 
sweep The resul ts  shown here  do not, of course, give  the ccanplete story, 
which w o u l d  require consfbration of s t ructural  requirements and space 
requirements f o r  fuel storage 8nd so forth . For example, the beneficial 
effect  indicated for reduced. aspect r a t i o  of the unswept w-inga is due 
t o  aspect  ratio alone and does not take account of the reduction in drag 
due to the thinner w i n g  sections  that could probably be w e d  with the 
d e r  aspect ratios.  Furthei.more, the Indicated advantage of meep is 
not  entirely  reallatic sfnce f t  appliee to constant wing thiclmees in 
planes normal to t h e  leading edge; whereas for st ructural  reasons the 
thickness would  probably have t o  be increased canelderably with increasing 
sweep and the benefits would thereby  be reduced.  Coneider again the value 
of drag coefficient 0.02, representing, as before, the probable l imi t   fo r  
a single-engine airplane  with the Jet engine8 that will be available in  
the near future : it appear8 that t o  attain a Mach number of la15 within 
this limitation  the wing  would have t o  be me9t a t  least 45O and probably 
more to allow fo r  the drag of fuselage ard. other elements of the airplane. 

There has been some interest ,  f OT vmious reasms, in the possibil i-  
t i e s  of using forward sweep rather than eweepback. In figure 6 the varia- 
tiom of drag w i t h  Mach m e r  through t&e transonic range for a eweptback 
and a Bweptforward w i n g  a m  c q a r e d  fram the results of f r ee - f a l l   t e s t s  
(reference 7 and data not yet published.). The wlnga ~ t r e  elmilar i n  all 
respects  except  taper, a ~ d  it i s  ahown h a t  the r e s ~ l t s  a m  very s ~ l a 2 .  
These results may be influenced t o  some extent bg effects  on the wings 
due t o  the flaw f ie lds  of t h e  bodfes used i n  theee tests. In  this 
connection it mi&t be of interest t o  mention that the sweptfomard w i n g  
w a s  found t o  have a considerably mcre adverse effect  on the drag of the 
bcdy, at Mach numbers of 1.0 a;nd above, than the aweptback w i n g .  However, 
the  indicatian  that  the direction of meep has Uttle effect  on ei ther  
the Mach nlzaiber or  the ext;ent of the drag r l s e  of t he  wing alone is 
supported by other data from wind-tunnel tests (reference 8) and rocket 
tests (reference 9 ) .  
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As part  of the investigation of wing-plan-form effects OR drag at high 
transonic  speeds, rocket t e s t s  have been made of several  configuations 
incorporating  variations in taper aa we= &B sweep (references LO and 11). 
Figure 7 shows t he  drag coefficients at a Mach number of 1.15 in relation 
t o  the taper  ratio,  grouped fo r  approximately constant meep angles of 
either  the man l ine  or t he  lead- edge of the wiw- The t h i c h s s -  
chord ra t io  i n  the stream direction is approximstely  constant fo r  each 
group. With the mean l ine  wswept,  tapering the wing t o  a  pointed 
configuration provides a SUbEt~t ia l   reduct im in drag over that of the 
untapered w i n g .  The second group b d i c & t e s  that  with the leading edge 
held  constant at 45O, tapering  the wing tends t o  be unf'avorable and 
this  trend appears t o  continue t o  the inverse-taper  condition ahown by 
the thi rd group. These results apparently  Indicate simply tha t  sweep 
of the leading edge is  not  the  determining factor f o r  tapered win@. 
Perhaps We moet interesting feature of these  data is sham by the 
fourth group where t h e  result  of tapering the wing about a 45O swept 
mean l i ne  is indicated. The taper in i t s e l f  has practicall;y no effect 
in t h i s  case which suggeits  that it ahauld be possible t o  take fu l l  
advantage of the  benefits of 1mge sweep and thin  sections w i t h  comider- 
ably le68  difficulty f m  stI'UCtW& p m b l m  than in the Case of 
untapered wings.  

Investigation of  the  effects of a i r foi l   sect ion on the  transonic drag 
characteristics of f i n i t e  wimgs has been limited mainly t o  determining 
the effects of Bharp leading  edges,  with  the thought that  they might 
provide same benefit   in  the tr-onic  range a~ w e l l  8.a a t  supersonlc 
epee& Figure 8 ahma the vmation of drag with Mach number f m  free - 
fall tests  (reference 12) of a six-percent-thick, unswept wing w i t h  a 
aharp-edge circular-arc  section and one with NACA 65-series  sectfm. 
Little  difference l e  indicated. and such aa there I s  favors  the  65-series 
a i r fo i l .  Similar compEtrisone f'rm rocket Gests with  th'icker unswept 
w i n g s  and with swept Kings, including doublewedge a8 w e l l  88 circular- 
arc  dections  (reference 5 )  lead t o  the stme conclueions - that  w i n g s  
with  supersonic -type sections tend t o  have samewhat poorer drag character- 
i s t i c s  in the t r w o n i c  range than wings with more conventional  high- 
speed sections. 

BODIES 

With the delay and reduction in the drag r i s e  of wings that appear 
possible from the foregohg results the drag characteristics of  the body 
o r  f 'we lage of the airplane may w e l l  becoma the   c r i t i ca l  factor in 
determining the  limiting no& gperattng speed of the airplane. An 
investigation of body drag through the traJlsonic range has been under- 
taken by the  free-fall  method (reference 1-31 and the resul ts   to   date  
are shown in figure 9 in  wPlich the drag coeff'lcients, based on f r m t a l  
area, of four simple bodies of revolution, vargLng in  fineness  ratio 
and i n  thickness  distribution, are compared over the Mach number range 

. 

. 
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from o .85 t o  1.08. The drag vdues ahown include t he  drag of the stabi-  
lizing tal surfaces which were identilcal in all cases. The body of 
fineness  ratio 12 had a similar thiclmess distribution t o  that of the 
fineness-ratio-6 bodg, with the maplrmrm dimeter a t  half the body. length. 
The start of the drag r i s e  of the fheness-ratio-12 body appeam t o  
occur a t  a  canaider&lp  higher Mach  nuniber than f o r  the fineness-ratio- 
6 body although thfs advantage is more then offse t   a t  Mach lluaibera 
below 0.94 bg the  greater  s"frLction drag of the longer body. The 
extent of the r i s e  is also m h  less - on the order of 0ne"Uhird - 
f o r  the slender body so  that at Mach nmibers around 1.0 its drag coeff i- 
cient is only about 60 percent of that of the fineness  -ratio-6 body. 
The other two bodies were  formed by ccmbinatians of the  forebodg and 
aSterbody  shapes of the fineness-ratio-6 and finamas-ratio-12  bodies. 
Of these .two bodies, the one w i t h  the blunter forebodg and more slender 
afterbody  has a lower drag a t  Mach nmibers above 0.92. Although the 
drags of both these bodies U e  generally between the curves for the 
fineness-ratio-6 and 12 bodies, the values are earnerwhat higher at Mach 
llunibers  above 1.0 than would be expected f o r  a fineness-ratio9 b d y  
of similar shape t o  the 6 and 12 bodfee. This w i l l  be indicated more 
clearlg in another ffgure. A further  point of interest  in the data in 
W s  figure is in the elmilaxity of the drag variation  abwe Mach 
nuniber 1.0 fo r  the b&es of eimilarr nose 8hape : fo r  the two bodies 
having  the more slender f orebcdy the curves f l a t t en  out, whereas with 
the  blunter nose shape the drag coefficient  continues t o  increme, 
suggesting that the nose ahap becoanes the d-t factor .in deter- 
mining the  character of the drag vaziatian of bodies very shortly af te r  
Mach number 1.0 has been exceeded. 

Ib figure 10 the drag coefficients of the four bodies a t  a Mach 
number of 1.08 a m  plotted t o  logarit;hmic s c a e  as a function of the 
lnverse of fineness r a t i o .  The drag values sham have been  reduced t o  
represent  approximately the pressure o r  wave drag by subtracting  the 
measured drag of the  stabilizing tail and estimated skin f r i c t i o n   f r m  

' t he  vah.es shown in figure 9 .  m e  v a h e s  f o r  the fineness-ratio-6 and 
fineness-ratio-12 b e e s ,  which may be corwridered as belonging t o  the 
same shape feu,  fa31 very close t o  a l ine  which defines  the drag 89 
a function of the s q w e  of the inverse ffmness rat io ,  O r J  in   e f fec t ,  
the square of the  thickness  ratio. This. resu l t  is in accord with the  
theory for the wave drag of slender  bodies of revolution at supersonic 

speeds ana in fact the cmglete  relation CDEp = 1 0 . 7 ( "  defined 

by this line is almost exactly the sane as that dertved  theoretically by 
L i & t h i l l  f o r  slender  parabolic  bodies  (reference 14). The fac t  th%t 
the  data f o r  the two fineness  -ratfo-g  bodies with maximum diameter 
forward and aft of the midlengt;h of the body l le  above this l ine)  lndi - 
cates  that  these  departures frcm the shape  family represented by the 
fineness - r a t i o 6  and 12 bodies are both unfavorable 

F.R. 
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I n  connection  with a study of the souTces of t h e  drag rise of bodies 
in  the transonic range pressure-distributian measurements on a body of 
revolution have been obtained by the ving-flow method mer the range of 
Mach number fram 0 to  1.05 (reference 15) Same of these result6 are 
sham i n  figure 11 The body w a s  of parabolic shape in  longitudinal 
section with a fineness ratio of 6 and was sting supported aa Indicated 
in the  sketch in the l e f t  -hand figure . The pressure  -orifice  locations 
are also shown i n  the &etch. The pressme distributions along the 
body are shown f o r  four Mach nunibere from 0.92 t o  1.05 i n  the  left-hand 
figure and the variation of pressure-drag coefficient w i t h  Mach nuniber 
determined fram these  data is plotted in the right-hand  figure. The 
pressure  distribution for Mach number 0.92 is typical of the results 
obtained a t  lawer Mach nrmibem and gave no appreciable pressure drag. 
With increasing Mach nm&er,the suction peak m e a  back of the maxFmum 
diameter of the body and the pressure drag r ises  accordinglg.. The 
g rea t e s t   r eward  movement of the suction peak in  relation t o  change of 
Mach number occura between Mach number 0.96 and 1.00 and the drag r l a e  
is also moat abrupt over t h i s  range. A t  Mach numbera frm 1.00 t o  1.05> 
the change in  pressure distribution and i n  drag coefficient i 8  relatively 
small. Although the  pressures over the forebody increase samewhat as the 
Mach number increases and thereby contribute to the drag rise, the greater 
part  of the effect up t o  Mach number 1.0 arises frm the growth and rear- 
w a r d  movement of the auction on the a9terbody. AB an indication that 
the pressure measuremsnts and their interpretat ion  in  t e r n  of the drag 
r i s e  are probably  not  greatly influenced by the laK Reynolds number of 
these tes ts ,   the  drag curve frau the free-fall tests of a fineness- 
ratio-6 body of generally similar shape is  given by the W e d  line in 
the right-hand  figure. The Reynolds number of these t e s t s  was some 
twenty times that of the w i n g - f l o w  testa but the shapes of the curves 
are remarkably similar. 

A final interpretation of the results of inveatigatione of airplane 
ccmponente requires, of comae, some understanding of the effects of 
ocmibining these cosponents in the c q l e t e  airplane oonfiguration. 
Figure6 12 and 13 indicate sone of the  tendencies that have been observed 
i n  the effects of wing-fuselage interaction an the drag r i se .  Figure 12 
ahows the vaziation of drag coefficient with Mach number through the 
beginning of the drag rise  for three unewept wings of varying thiclmess 
from testa in the Ames 16-foot hi&-speed tunnel. The solid l inea  apply 
to   the  wings alone, and the daahed lines t o  the conibinatione of wing and 
fusslage For  these  cases, the Mach number of t h e  drag r i s e  and the rate 
of increase in  the drag coefficient beyand the start of the drag rise 
appear to be practically  unaffected by the  addition of the fuselage. A 
similar absence of effects of adding a fuselage to the wing was noted in 
the result8 of hi&-~peed-tunnel  tests of aa? airplane  configuration 
incorporating  a 35O sweptback wing. 

- .  . - 
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A considerably  different result waa Fndicated from f r ee - f a l l   t e s t s  
of wing-body configurations  incorporating wings of greater sweepback 
(reference 16) Figure 13  ccslrpares the drag-coefficient  variation wlth 
Mach Iumiber fo r  two carhinations of identical  45O swept wings and 
fineness-ratio-12  bodies,  differ anlg in the position of the w i n g s  011 
the body. With the wing located ”/” 1 8 of the body length back of i ts  
maw diameter,  the drag r i s e  apparently did not occur unt i l   the  Mach 
rmniber w a s  at  leas t  0 -05 greater than for the mnmgeraer& w i t h  the w i n g  
a similar distance forward of the maxhnun diameter, and the drag through- 
out  the Mach nulniber range covered w a s  markedly less. Fran the siwilta- 
n e o u  me&BurBmEtllts of t o t a l  drag and w i n g  drag obtained in these tests it 
was, evident  that the greater  part of the difference shm here arose from 
the effect  of the wing position on the body drag : W i t h  the in  the 
rearward position,  the  presence of the wing apparentlg reduced the drag 
of the body apprecisbly below the  values  obtained with a similar body 
without wings, where- with Ghe uing in  the fornard  position, the boay 
drag wa.a increased. It appears from these  results  that  considerable 
attentAon should be given t o  the arrangement of the wing 011 the  fuselage, 
at l eas t  when large sweep angles are used, t o  avoid the  possibil l tg of 
rather large unfavorable in te rac t im  e f fec ts .  

A scanewhat more direct  Indication of t h e  ad-ces in airplane 
operating speeds that m y  be  expected f r a n  same of the change8 i n  eLr- 
plane  configuration that have been discussed is  provided in  figure 14. 
This figure ahms t h e  variation of drag coefficient  with Mach zuzmber 
f o r  three 8-le body-wing-tail configurations  incorporating  fineness- 
ra t io- I2  bodies  varying in w i n g  sweep and thickness (reference 16 and 
aata not  yet  published) cmpared w i t h  that for  the  representative modern 
Jet  fighter  Uscussed earlier. The curve designated T/sq represents 
the probable thrust capabill t iee  that  cazl be  expected of a turbojet 
engine in the imrnediate futum in tern of a representative w i n g  area 
and dynamic pressure for  cm~parlson w 3 t h  the drag coefficients. The 
speed of the cmventianal airplane, w i t h  unswept wings, 13 percent  thick, 
is limited by the intersection of the thrust and drag curves to a Mach 
nmiber of 0 -80 with  the  highest speed f o r  reasonably efficient  cruising 
probably  not  greater than 0 .TO i n  Mach number. It waa found that‘ the 
drags of models of three projected  high-speed  airplanes with wing8 of 
arm 35‘ sweep and 10- t o  12 percent thickness f e n  generally between 
the two  drag curves f o r  the 35O configurations ahown here. It appears 
therefore that madmnn speeds up t o  Mach rimer of 0.9 t o  0.95 and 
reasonable range up to Mach numbers of a h o a t  0.9 can be realized  with 
the  moierate sweep and thiclmess that are  being  incolporaked in  a. nmiber 
of  new high-speed jet airplanes now in design, canetruction, or prototype 
stages. The 45O sweptqing arrangement ahown on the right attained  the 
highest Mach Iumiber before  the drag r i s e  and gave the m e t  gradual drag 
r i s e  of my wing-bNy-tail  cmibinatian  for whlch f r ee - f a l l   t e s t  data are 
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available. From theee reerults it appears that  with wings having sweep 
angles of 45' and sufficiently slender bodies, arranged t o  avoid unfavor- 
able interaction effects, airplane8 cruising at Mach nuuibers up t o  0.95 
end w i t h  top speed m m d  Mach number 1.0 a30 quite p O 1 3 ~ 1 i b l e y  w i t h  turbojet 
engines that a m  or - probably soon wil l  be available. 

Langley Memorial Aemnautical. Laboratory 
National Advisory Camittee for Aeronautics 

Langley Fie ld ,  Va. 
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Rgure 3.- Effects of aspect ratio and sweep of wings on the Mach 
number of the drag r ise; a = oO. 
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Flgure 4.- Variation of drag coefficient of unswept wings with thickness 
ratio. M = 1.16; CL = 0. - 
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Figure 6.- Vmiation of ppln@; drag coefficient with aspect ratio and 
sweepback M = 1.16; CL = 0. 
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Figure 6.- Comparison of drag of sweptforward and sweptbadk wings 

throu@;h the transon~c range. cL 3: 9 & = 0.12. 
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Figure 7.- Effects of various combinations of taper asd sweep on the 
drag of wings at Mach number 1.15. CL = 0. 
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Mgure 8.- Comparison of drag of wings with sharp-leading-edge and 
convenffonrrZ NACA M o i l  sections through the transonic range. 
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F'igure 9.- Effects of fineness ratlo and thickness distrlbutLon on 
the drag of bodies of revolEtion at transonic speeds. 
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F'igure 10.- Logarithmic plot of " i o n  of pressure drag with inverse 
of fineness ratio for four bodies of revolution. 
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Mgure 11.- Pressure distributions from wing-flow tests through the 
speed of sound on a fineness-ratio-6 body of revolution, and com- 
parison of the corresponding pressure drag with the total drag 
measured in f r ee - f a l l  tests of B similar body. 
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Figure 12.- Comparison of initial drag rise of w h g  alone and wing- 
fuselage combination for three wings of different thiclmess ratio. - 
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Figure 13.- Effect on drag of wir&mQ" combination through 
transonic range due to fore-and-aft position of 45' swept wing. 
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Fagura 14.- Comparf9on of drag rise of three wing-bodg-tail 
combinations varying in wing sweep and thichess and of 
representathe, modern turbojet airplane. Thrust ava;llable 
from turbojet engine at 30,000 to 40,000 feet altitude shown 
Tu form corresponding to drag coefficient for comparison. 
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